ABSTRACT The differentiation of mesenchymal stromal cells has been shown to be affected by many parameters such as morphogens, flow rate, medium viscosity, and shear stress when exposed to fluid flow. The mechanism by which these cells sense their environment is still under intense discussion. In particular, during flow chamber experiments, it is difficult to interpret the interplay of the above-mentioned parameters in the process of cell differentiation. In this work, we tested the hypothesis that the competition between diffusion and advection of paracrine morphogens could explain the dependency of the cell differentiation to the above-mentioned parameters. To evaluate this hypothesis, we developed a numerical model simulating a simplified version of the advection-diffusion-reaction of morphogens secreted by the cells within a flow chamber. The model predicted a sharp transition in the fraction of receptors bound to the morphogen. This transition was characterized by a new, dimensionless number depending on flow rate, flow viscosity, flow chamber dimensions, and morphogen decay rate. We concluded that the competition between diffusion and advection of paracrine morphogens can act as a probe for the cells to sense their pericellular environment.
INTRODUCTION
Mesenchymal stromal cell (MSC) differentiation is central in normal organism development and maintenance, capable of differentiation into adipocytes, chondrocytes, and osteoblasts (1) . The understanding of MSC differentiation mechanisms has implications in developmental biology, for pathophysiology aspects such as for cancer and osteointegration of implants.
Soluble growth factors have been clearly identified and demonstrated to be involved in MSC differentiation (1) . These factors, such as members of the TGF-b superfamily, FGF, VEGF, and Wnt among others, are involved in the differentiation of MSC into osteoblastic lineage (2) (3) (4) (5) (6) . Soluble growth factors have been originally proposed and termed ''morphogens'' by Turing (7) . Morphogens are ligands that bind reversibly to transmembrane receptors and initiate signal transduction cascades that regulate the cell's differentiation pathway (8, 9) .
In addition to morphogens, recent experiments made with flow chambers demonstrated that mechanical stimulus generated by fluid flow plays a role in the differentiation process of plated MSCs (2, (10) (11) (12) (13) (14) . Direct mechanical loading of MSC through shear stress induced by fluid flow stimulate late osteogenic markers (14) . The shear stress depends on the culture medium's flow rate, the viscosity, as well as the flow chamber's dimensions. Whether MSC's differentiation response to flow occurs as a result of chemotransport, direct mechanical stimuli, or both, remains largely unknown in flow chamber experiments. From the experimental results obtained in flow chambers, it can be concluded that MSCs have developed capabilities to sense their environment. To explain these sensitivity capabilities, we developed a numerical model simulating a simplified version of the advection-diffusion-reaction of morphogens secreted by the cells within a flow chamber. With this model, we tested the hypothesis that the competition between diffusion and advection processes of paracrine morphogens can act as a probe for the cells to sense their pericellular environment.
METHODS

Advection-diffusion-reaction model
In most flow chamber experiments with MSCs and osteoblasts where a response to flow is observed (2, (10) (11) (12) (13) (14) , the corresponding shear stress on the cells is~1 Pa. The flow is of Poiseuille type with low Reynolds and Womersley numbers (15) . In our study, we consider a steady-state flow as it was in the experimental conditions of Kreke et al. (14) . The dimensionless advection-diffusion-reaction equation at constant temperature and low density of ligands is (16) 
where C is the dimensionless ligand concentration, a is the ratio of chamber height h to cell colony length L, Pe is the Péclet number, and c is the ratio between the decay rate ð1=tÞ and the diffusive rate D of the ligand. The definition of all dimensionless numbers is given in the Appendix. The exact nature of the morphogen degradation is not currently known. Several possibilities could be considered to model this phenomenon such as multiple interacting morphogens and antagonists with or without receptor-mediated trafficking. As experimental data are not available in general for characterizing the morphogen degradation, we have chosen the simplest model possible. We assume an antagonist in excess, with a low binding rate to the morphogen, modeled as decaying the latter at a constant decay. With this approach, we limit the number of unknown variables to be introduced in the model. The kinetics of the ligand binding the receptor on the cell membrane follows the description proposed by Edwards (17) ,
where B is the ratio between the surface concentration of bound receptors to the total number of receptors R T , k on is the dimensionless reaction rate, and K is the dimensionless version ofK representing the binding affinity (ratio of the associate rate constantk on to the dissociation rate constantk off ). More details can be found in the Appendix. We consider a paracrine production of ligands with a constant dimensionless secreted rate g. This dimensionless secretion rate appears in the boundary condition at the cell surface, which is
where D D is a normalized diffusion coefficient (see Appendix for details). Equation 3 represents the flux out of the surface, which is equal to the difference between the secretion rate and the rate of change of the bound receptor concentration (16) . The system in Eqs. 1-3 is characterized by seven parameters: c, a, Pe, D D , g, k on , and K. We will use
instead of g and k on . Da g and Da are the Damköhler numbers representing the ratios between rate of production of ligands to diffusive rate and reaction rate to diffusive rate, respectively. To analyze the effect of flow and other parameters on the number of cell bound receptors, we defined B 
Parameters used in the model
For h, L, and the maximal flow velocity in the chamber, we use the values from the experimental setup of Kreke et al. (14) (see Table 1 ). We consider TGF-b, FGF, VEGF, and Wnt as possible candidates for the ligand of our model. Their molecular masses range approximately between 25 and 60 kDa. Using the Einstein-Stokes equation to estimate the diffusivity of the ligand and a protein density of 1.43 g/cm 3 (18), we find that D x 100 mm 2 /s. The value for the binding affinity appearing in Eq. 2 is obtained from published experimental data (19, 20 With D, h, L, and the maximal flow velocity defined, we obtain Pe ¼ 467 for the above-mentioned experiment. Therefore, as we want to study the effect the flow has on bound receptors, we vary Pe from 0 to 1000. All dimensionless parameters used are shown in Table 2 . The initial and boundary conditions of the ligand concentration are reported in the Appendix.
RESULTS AND DISCUSSION
The reference state
The reference state B Pe¼0 s reduces to (see Appendix for details)
which shows that when
the receptors saturate ðB 
most receptors remain unbound. As described in the Appendix, the characteristic distance of penetration of the ligand along the height of the chamber is approximately equal to 1 for c < 1 and c À1/2 for c > 1. We name this distance, the penetration distance of the morphogen.
When do cells sense the flow?
As soon as the flow is applied, in particular with Pe >> 1, the center of the flow chamber becomes advective-dominant. However, within the vicinity of the cells, the advective term is negligible and the solution will be diffusive-dominant (inset in Fig. 1 ). The limit between these two regions is called the diffusive boundary layer. 
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If the flow disrupts the ligand concentration, a change in the number of bound receptors is expected. However, when the diffusive boundary layer engulfs the ligands, the solution is mainly diffusive-dominant and similar to the reference state, with no expected cellular response. Both the disrupted and nondisrupted ligand concentrations were solved numerically (Fig. 2) . Details on the numerical aspects can be found in the Appendix.
To determine the boundary layer thickness, we substitute the ligand concentration (C) and the fraction of bound ligands on the cell surface (B) in all equations of the model by their Taylor series, with Pe À1 as a perturbation parameter, and retain the first order. By doing so, and considering the values used, it can be shown (see Edwards (17) for methodology) that the diffusive boundary layer has a thickness that goes as Pe À1/3 as well as being dependent on x (Fig. 2) . Having quantified the boundary layer thickness, the ratio between the penetration distance of the morphogen and the boundary layer goes as Pe 1/3 c À1/2 , for c > 1. The dependency of B s =B Pe¼0 s on Pe 1/3 c À1/2 for the case considered is shown in Fig. 3 . B is the average of B and reflects the experimental results where most techniques (such as qPCR, immunofluorescence, cell staining, Western blots, measure [Ca þþ ], etc.) average-out the cell response. We clearly observe a transition near 1, which occurs when the penetration distance of the morphogen equals to the boundary layer thickness (Fig. 3) . For the case studied, the cells are responsive to flow when
Therefore, the transition between cell sensing and cell not sensing the flow could be characterized by the new dimensionless number Pe 1/3 c 1/2 . In its dimensional form, Eq. 5 becomes
with C m being a constant proportional to the hydrodynamic radius of the morphogen and inversely proportional to the temperature (considered constant). The value f(L) is some function of L, as the boundary layer increases with x. We may appreciate from Eq. 6 that there is a stronger dependency of the cellular response on V than on m. This stronger dependency has been observed experimentally (12, 23) . It is interesting to note that the shear stress is a function of h, V, and m. The dependency of differentiation on shear stress may then be a result of h, V, and m appearing in Eq. 6.
As previously mentioned, the diffusive boundary layer is not constant along the flow stream (x coordinate). In similar reactive diffusive equations, this layer goes as Pe
(except in the boundaries; see Edwards (17)). It means that the boundary layer gets thicker downstream, inducing then a gradient on the bound ligands along the flow stream. Upstream, where the boundary layer is smaller, the advective effects are stronger, therefore inducing a greater change of B s =B
Pe¼0 s
with respect to downstream cells (Fig. 2 c) .
CONCLUSION
The plethora of interactions among the morphogens, antagonists, receptors, and proteins governing the MSC differentiation are highly complex and largely unknown. In the context of a flow chamber experiment, we developed a simplified model involving a paracrine morphogen with a constant decay rate allowing us to replicate experimental observations of MSC sensing flow. The model predicts cell response to the flow rate and the viscosity of the media, as observed experimentally. Many parameters can vary between flow chamber experiments. Direct comparison of the results is then difficult. With the developed model, a dimensionless number was defined, allowing us to determine the transition between cells sensing and not sensing the flow. This dimensionless number might then facilitate comparisons between experiments. The biological interpretation of flow chamber experiments, with respect to differentiation, for example, could be done without taking into account the dimensions or flow characteristics of the flow chamber.
The model also predicts a different response between cells up-and downstream of the flow chamber, a result yet to be observed experimentally.
APPENDIX Advection-diffusion-reaction model
The directions along and perpendicular to the cell surface arex andỹ, respectively. The valuet is the time, h is the height of the flow chamber, and vðỹ;tÞ is the velocity along the b x direction (Fig. 1) . We define the dimensionless parameters
where L is the length of the cell colony, D is the diffusivity of the ligand, c is the ratio between the decay rate ð1=tÞ and the diffusive rate of the ligand,C is the ligand concentration, C T is a concentration used for scalingC, V is four times the maximum flow velocity in the chamber, and Pe is the Péclet number.
With these definitions, the dimensionless advection-diffusion-reaction equation for constant temperature and low density of ligands is given by Eq. 1. We namek on andk off the association and dissociation constants, respectively, for the ligands with the receptors. The binding affinity is K ¼k off =k on . We define the surface concentration of total number of receptors as R T . Although R T is not constant in time as it depends on the cell's metabolism, we will consider its variation negligible during the time of the experiment. We define B as the ratio between the surface concentration of bound receptors and R T , k on ¼k on C T h 2 =D, and K ¼K=C T . Using the same nomenclature as in Edwards (17), Eq. 2 on the reactive surface is obtained.
Initial and boundary conditions
As the ligands concentration is proposed to play a central role in the sensory capabilities of the MSC, we need to clearly define the initial and boundary conditions for this variable. In this study, we consider a paracrine production of ligands with a constant secreted rateg. Its dimensionless value is g ¼gh 2 =DR T . This dimensionless secretion rate appears in the boundary condition at the cell surface in Eq. 3. In this equation, D D ¼ C T h=R T . The boundary conditions at the chamber entrance, at the downstream end, and at the channel ceiling, are given (24) , respectively, by 
